C
ircumsporozoite (CS) protein is one of the prime candidates being evaluated as an antigen for an antimalarial vaccine (1, 2) . CS protein is involved in both invasion of salivary glands in mosquito and the selective invasion of hepatocytes in its human host (3) . The mature form of Plasmodium falciparum CS protein possesses four cysteines at positions 361, 365, 396, and 401 (4) . These cysteines are conserved in CS across all of the species of Plasmodium, indicating their importance in the biological activity of the protein (5) . A conserved 18-aa motif (EWSPCS-VTCGNGIQVRIK) constitutes the binding domain of CS known as region II-plus (4, 6) . This motif contains a 6-aa consensus sequence (CSVTCG) that is found in a growing family of adhesive molecules such as thrombospondin (7), properdin (8) , as well as in malarial proteins like TRAP (thrombospondinrelated anonymous protein) (9) and CTRP (CS protein TRAPrelated protein) (10) . Proteins containing these sequences bind to a variety of sulfated glycoconjugates, in particular to glycosaminoglycans such as heparan sulfate and heparin (6, 11, 12) . Whereas cysteines 361 and 365 are present within the binding domain, cysteines 396 and 401 are present further downstream toward the carboxyl terminus.
Whereas some cysteines remain in reduced state, cysteine residues present in close proximity in a three-dimensional structure can be oxidized to form a disulfide bond, which introduces a three-dimensional constraint in the protein's structure. This enhances its stability and provides the requisite structural conformation required for a large number of biological processes. Disulfides can influence the immune response generated against the protein by the host (13, 14) , and although CS has been used for making vaccines the pattern of disulfide bonding has not been determined. Information on the pattern of disulfide bridges is all the more important for CS as two known cytotoxic T cell epitopes in protein are nested in between the two-cysteine containing domains (15) . To evaluate the role of cysteines in CS, we made 11 different mutants where cysteines have been replaced by alanines either individually or in paired combinations. The proteins were purified to homogeneity and evaluated for their binding potential. Here we show that cysteines are important for the biological activity of the protein. We have shown that heparin can effect change in the CS protein in a way that has ramifications for sporozoite targeting of liver cells. We also describe a mechanism by which inactive mutants can be rejuvenated in the presence of glycosaminoglycans. Further the primary structure of the protein itself can be physically altered, resulting in greater or lesser affinity for cells but its activity essentially can be normalized in the presence of heparin.
Materials and Methods
Materials. A Quickchange site-directed mutagenesis kit was obtained from Stratagene. Heparin and heparinase I were obtained from Sigma. Heparin Sepharose column was obtained from Amersham Pharmacia. All cell culture supplies were from Life Technologies (Gaithersburg, MD). Hepatoma cell line HepG2 was purchased from American Type Culture Collection. Anti-mouse-alkaline phosphatase conjugate was obtained from Pierce. mAb 2A10 directed against the (NANP) n repeat domain was a kind gift from Robert Wirtz (Centers for Disease Control and Prevention, Atlanta).
Construction of CS Mutants. Quickchange, a PCR-based sitedirected mutagenesis system, was used to introduce mutations in the CS gene without any digestion and ligation of inserts. The reactions were performed as directed by the manufacturer. Plasmid pCS1 was used as template for the construction of plasmids pCS3, pCS4, pCS5, pCS8, pCS9, and pCS10. pCS1 contains DNA sequence encoding for amino acids 27-123[NANPNVDP] 3 [NANP] 21 300-411 in a T7 promoter-based Escherichia coli expression vector (16) . Plasmids pCS11, pCS12 pCS13, pCS14, and pCS15 used pCS3, pCS4, pCS8, pCS9, and pCS10, respectively as template. Presence of desired mutations was verified by DNA sequencing. Expression and Purification of Recombinant Proteins. The proteins were expressed and purified as described (16) . Brief ly, BL21(DE3) cells were transformed and the culture was expanded in super broth (pH 7.2), containing 100 g͞ml of ampicillin. At OD 600 of 1.0, cells were induced with 2 mM isopropyl ␤-D-thiogalactoside. After 4 h cells were harvested and the periplasm was isolated by a gentle osmotic shock without disrupting the cell membrane. CS was separated from bacterial contaminants on a heparin sepharose affinity column followed by gel filtration chromatography.
Cell Binding Assay. Hepatoma cell line HepG2, maintained in RPMI 1640 containing 2 mM glutamine and 10% heatinactivated FBS was used and the assay was performed as described (17) . Briefly, cells at a density of 100,000 cells per well were fixed with 4% paraformaldehyde followed by blocking with TBS containing 1% BSA. Proteins were incubated with cells for 1 h followed by anti-CS mAb for 45 min and alkaline phosphatase-coupled anti-mouse IgG for 30 min. 4-Methylumbelliferyl phosphate (1 mM) was used as substrate, and fluorescence was measured in a fluorometer with excitation at 350 nm and emission at 460 nm. For competition analysis, cells after blocking were incubated with 100 M of peptide RIIP (EWSPCS-VTCGNGIQVRIKPGSANKP) for 2 h before the addition of recombinant protein. All of the experiments were repeated at least three times and had a SD of less than 7.5%.
Heparin and Binding Activity. For evaluating the effect of heparin on the binding activity of the protein, 50 nM of recombinant proteins was coincubated with different concentrations of heparin for 15 min at 37°C before the addition of this mix onto the cells. For estimating the activation potential, 5 nM of heparin was coincubated with 50 nM of protein.
The assay was continued as described above. The sensitivity of fluorometer was adjusted such that the fluorescence activity in a given assay was within the maximum detection limit of the instrument.
Effect of Heparinase I on the Binding Activity of CS-Heparin Complex.
HepG2 cells were treated with 5 units of heparinase I in 50 mM acetate buffer, pH 6.0 or buffer for 2 h at 37°C. The cells were washed three times with Tris-buffered saline (TBS) followed by addition of 50 nM of CS15 or CS15-heparin complex (50 nM:5 nM) and incubation at 37°C for 1 h. Fluorescence was measured as described above.
Effect of Peptide RIIP on the Binding Activity of CS-Heparin Complex.
HepG2 cells after fixing and blocking were incubated with 100 M of peptide RIIP or BSA for 2 h. This was followed by the addition of CS3 (50 nM)-Heparin (5 nM) complex or CS3 alone. Fluorescence was measured as described above.
Results

Construction, Expression, and Purification of CS Mutants.
Four cysteines present at positions 361, 365, 396, and 401 in CS protein were mutated to alanine, either alone or in pairs in all possible combinations. This gave rise to 11 different constructs (Table 1) . Of these, four constructs (CS3, CS4, CS8, and CS9) had individual cysteines at respective positions 396, 401, 361, and 365 mutated to alanine. Proteins CS5, CS10, CS11, CS12, CS13, and CS14 had two cysteines each converted to alanines, whereas in CS15 all four cysteines were changed into alanines ( Table 1) . The constructs were expressed in E. coli and even in the absence of a known signal sequence mutant proteins were secreted into the periplasm. Periplasm was used as source to purify the protein. As CS is known to bind to heparin sulfate proteoglycans (HSPG), so a heparin-based affinity column was used for purification (implications of this binding are discussed below). Proteins were purified to apparent homogeneity by using a gel filtration column. Purified protein (3-4 mg) was obtained from a liter of culture. The purified proteins were analyzed on a polyacrylamide gel under reducing and nonreducing conditions (Fig. 1) . All 11 proteins migrated as a single band on a nonreducing polyacrylamide gel, indicating that even when cysteines were mutated the protein maintained its preferential monomeric form (Fig. 1B) .
Effect of Cysteine Replacement on the Binding Activity of CS Protein.
The binding potential of these recombinant mutant proteins was evaluated on HepG2 cells. Cells were incubated with different concentrations of the protein and the binding activity was checked by fluorometry. CS3, where cysteine at position 396 has been mutated to alanine, showed a 10-fold enhancement in the binding activity with respect to CS1, the native protein where all four cysteine residues were intact ( Fig. 2 Left) . Whereas CS3 showed a 10-fold enhancement in the binding, conversion of cysteines to alanine at any other position (361, 365, and 401), either individually or in combination led to a loss of 90% of the binding activity (Fig. 2) .
Competition Binding Analysis of CS3. CS uses region II-plus as a binding ligand to interact with the hepatocytes. To check whether CS3 also is using region II-plus for binding, binding of CS3 was checked in the presence of peptide RIIP. Peptide RIIP effectively blocked the binding of CS3 in a dose-dependent manner, decreasing binding of CS3 by 65%, indicating that CS3 is using region II-plus as the binding ligand (Fig. 3) .
Effect of Heparin on the Binding of CS3. HSPG present on hepatocyte cell surface act as receptors for CS (6) . Glycosaminoglycans like heparin and fucoidan can inhibit the binding of CS by binding onto the protein and preventing it from binding to liver cells (6) . To evaluate whether CS3 uses HSPG as receptor, its binding activity was evaluated in the presence of heparin. CS3
(50 nM) was preincubated with log dilutions of heparin for 15 min to allow its binding to the protein. The concentrations of heparin ranged from 380,000 nM to 3.8 nM, providing a spectrum of protein to glycosaminoglycan ratio with heparin being present in 7,500-fold molar excess to submolar concentrations with respect to the protein. The protein-heparin complex was added onto the hepatocytes, and the change in the level of binding was evaluated with respect to control where protein was incubated with buffer alone. Heparin inhibited the binding of CS3 and at 380 M, the highest concentration of heparin tested, fluorescence decreased from 1,610 (control) to 257 resulting in 84% inhibition of binding activity (Fig. 4A) . Inhibition was dose-dependent as at 0.38 M of heparin fluorescence activity was at 1,481, resulting in 8% decrease in binding. This indicated that CS3 was using heparin-based cell surface molecules for binding. Native protein CS1 showed a similar profile for inhibition where fluorescence activity was reduced from 450 (control) to 112 (75% inhibition) at the highest concentration of heparin and reverted back to 432 (4% inhibition) at 0.38 M of heparin (Fig. 4A) . Surprisingly, when present at equimolar and submolar concentrations, heparin started to promote the binding activity of CS protein. At equimolar concentration CS3 binding improved by 175% and at the submolar concentration (0.38 nM) the binding improved by 260%. CS1 also showed a similar profile and at submolar concentration of heparin its fluorescence activity matched with CS3 (Fig. 4A ).
Binding Activity of CS3-Heparin Complex in the Presence of Peptide
RIIP. To evaluate whether the enhancement in binding activity of CS3-heparin complex is related to utilization of a different binding ligand in the protein, activity of CS3-heparin complex was evaluated in the presence of peptide RIIP. As described previously, CS3-heparin complex showed a 260% increase in the binding activity in comparison to CS3 alone (Fig. 4B ). This improved activity of CS3-heparin complex was reduced by 90% in the presence of peptide RIIP, indicating that the CS3-heparin complex is indeed using region II-plus for binding (Fig. 4B) .
Effect of Heparin on the Binding Activity of Inactive Mutants.
As submolar concentrations of heparin promote the binding activity of CS3, an experiment was performed to check whether it could restore the binding activity in any of the inactive mutants of CS. CS4, CS8, CS9, and CS15 (50 nM each) were incubated with 5 nM of heparin before adding the complex onto the cells. Heparin effectively restored the binding of these otherwise inactive proteins (Fig. 5A) . The binding activity of these mutants was comparable to the activity of CS1 in the presence of similar concentration of heparin. Proteins alone did not bind onto the cells (Fig. 5A) .
Effect of Heparinase Treatment on the Binding Activity of CS-Heparin
Complex. As heparin was able to restore the binding activity in inactive CS mutants, CS-heparin complex could be using a non-HSPG based receptor for binding. To evaluate this possibility, binding activity of CS15-heparin complex was evaluated on heparinase-treated HepG2 cells. Binding activity of CS15-heparin complex was reduced by 90% on heparinase-treated cells, indicating that the complex is using HSPG-based receptors on hepatocyte surface for binding (Fig. 5B) .
Discussion
We have replaced cysteine residues with alanine individually and in various combinations to investigate the role of individual cysteines and disulfides in the binding activity of the CS protein to cells. Because potentially all four cysteines could be making disulfide bridges, 11 different mutants were constructed to disrupt either one or both of the disulfides possible in any given conformation of the protein ( Table 1) . The constructs were expressed in E. coli, and the proteins were purified to homogeneity (Fig. 1) . Replacement of cysteine by alanine either individually or in combination did not lead to dimerization or aggregation of protein (Fig. 1B) . This may suggest that cysteines are not easily accessible for the formation of an intermolecular disulfide bond.
An observation of potential importance is that the residues͞ domains involved in the binding of proteins to a heparin column are not adequate to bind to cells in our assay. Region I and region II-plus of CS are known to interact with heparin (6, 18, 19) . All of the mutants bound to the heparin-based affinity column, indicating that the heparin-binding domain in region II-plus doesn't involve cysteine residues or their contribution to the secondary structure. Proteins may have been binding onto the column through region I (20) . Alternatively, proteins could be binding through a yet uncharacterized heparin-binding domain.
Cysteines are certainly involved, either directly or structurally, in the binding activity of the protein to cells. Conversion of cysteines 361, 365, and 401 to alanine either alone or in various combinations lead to a near-total loss of binding. Replacement of cysteine 396 with alanine led to a 10-fold increase in the binding activity of the protein. The role of cysteines 361 and 365 in the biological activity of CS protein has been a subject of debate with contradictory reports about the involvement of the domain containing these residues in the binding activity of the protein (6, 18, 21, 22) . CS8 (C361A) and CS9 (C365A) were inactive, strongly suggesting that cysteines in region II are contributing toward the binding activity of the protein. These cysteines could either be binding directly and͞or providing a proper structural conformation to the residues involved in binding by forming disulfide bridge(s). Because region II motif occurs a number of times in Plasmodium proteins and various organisms and seems to play a universal role in cell-cell interaction, this observation may yield new perspective in understanding its role within varied backgrounds. Cysteines outside of region II-plus can affect binding activity either positively or negatively as shown above.
Considered in isolation, a mutation like that found in CS3 (C396A), which led to an increase in its binding capabilities, would seem to be advantageous. We investigated the reason for this improvement. This enhancement in binding activity can either be attributed to (i) involvement of a different CS binding motif, (ii) association with a previously unrecognized hepatocyte receptor, and (iii) an altered structural conformation of the binding domain.
To evaluate whether CS3 still uses region II-plus for binding, its binding capabilities were evaluated in the presence of peptide representing region II-plus. The peptide successfully competed the binding activity of CS3 on HepG2 cells, indicating that CS3 is indeed using region II-plus for binding (Fig. 3) .
CS binds to sulfated glycoconjugates on the hepatocyte cell surface. To evaluate the possibility of a change in specificity toward its receptor, binding capacity of CS3 was evaluated by using heparin as a competitor. Heparin is a highly sulfated, negatively charged mucopolysaccharide and in humans is primarily synthesized by mast cells located in pericapillary connective tissue (23) . Heparin is involved in a diverse range of biological processes such as cell attachment, growth factor binding, cell proliferation, migration, morphogenesis, and viral pathogenicity (24) . Its molecular mass ranges from 5 to 40 kDa, depending on the number of sugar moieties present in its chain with an average molecular mass of 13 kDa (23) . When present in large molar excess, heparin inhibited the binding of CS3, suggesting that CS3 has maintained its specificity for HSPG on liver cells, and an improved structural conformation may be the reason for the enhanced activity (Fig. 4A) . At equimolar and submolar levels, heparin unexpectedly started to substantially promote the binding of CS3 and showed a 260% increase in binding when 13 molecules of CS were available for one molecule of heparin. Like CS3, the putative CS3-heparin complex binds through the region II-plus motif, as peptide RIIP was able to block the binding activity of CS3-heparin complex (Fig. 4B) .
One plausible interpretation for this phenomenon is that at large molar excess heparin saturates all of the heparin binding sites present on CS and prevents it from binding to target receptors. At submolar concentrations where CS is present in excess, its long chain structures effectively crosslink a large number of CS molecules, resulting in an enhancement of binding. Previously Cerami et al. (17) have shown that CS molecules bind more efficiently if they are present as polymers that may parallel the enhancement of CS-heparin complexes. As CS-heparin complex uses region II-plus, it also suggests the presence of other heparin-binding motifs that enhance but are not directly involved in binding.
This enhancement in binding activity of CS protein cannot be attributed to improved recognition of repeats by the mAbs in the presence of heparin as at submolar concentrations, heparin effectively restored the binding activity in even inactive CS mutants (Fig. 5A) . The binding activity of these otherwise inactive mutants in the presence of heparin was comparable to native protein. These inactive turned active mutants were binding to HSPG on liver cells because CS15-heparin complex lost more than 90% of its binding activity on heparinase-treated cells (Fig. 5B) . As CS-heparin complex is using region II-plus motif for binding to HSPG receptors present on liver cells, it suggests that interactions of heparin with CS stabilize this binding motif. Heparin could do this by interacting directly with the binding domain or binding through a yet uncharacterized motif in the protein.
In support of the data presented above, it is known that sporozoites adsorb carbohydrate-based components present in host serum and the sporozoites preincubated in media with host serum have an enhanced binding activity (25) . The relationship between structural change and altered sporozoite activity has been observed previously. Anti-sporozoite antibodies at extremely low concentration have been shown to promote sporogony in mosquitoes (26, 27) . Similarly, heparin-mediated adhesion of Leishmania amistigotes to cellular proteoglycans on Chinese hamster ovary cells also has been observed (28) . The potential involvement of heparin in regulating sporozoite targeting and accumulation in specific organs is very plausible as unlike other glycosaminoglycans, its distribution varies more than 1,000-fold, depending on tissue location (24) . Our findings could have significant implications in understanding the invasion process of various pathogens, as not only malaria parasites but also a diverse range of organisms use the HSPG-based receptor system for invasion.
